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ABSTRACT
The objective of this study was to estimate herita-
bility of enteric methane emissions from dairy cattle. 
Methane (CH4) and CO2 were measured with a por-
table air-sampler and analyzer unit based on Fourier 
transform infrared detection. Data were collected on 
3,121 Holstein dairy cows from 20 herds using auto-
matic milking systems. Three CH4 phenotypes were 
acquired: the ratio between CH4 and CO2 in the breath 
of the cows (CH4_RATIO), the estimated quantified 
amount of CH4 (in g/d) measured over a week (CH4_
GRAMSw), and CH4 intensity, defined as grams of 
CH4 per liter of milk produced (CH4_MILK). Fat- and 
protein-corrected milk (FPCM) and live weight data 
were also derived for the analysis. Data were analyzed 
using several univariate and bivariate linear animal 
models. The heritability of CH4_GRAMSw and CH4_
MILK was 0.21 with a standard error of 0.06, and the 
heritability of CH4_RATIO was 0.16 with a standard 
error of 0.04. The 2 CH4 traits CH4_GRAMSw and 
CH4_RATIO were genetically highly correlated (rg = 
0.83) and they were strongly correlated with FPCM, 
meaning that, in this study, a high genetic potential for 
milk production will also mean a high genetic potential 
for CH4 production. The genetic correlation between 
CH4_MILK and FPCM and live weight showed similar 
patterns as the other CH4 phenotypes, although the 
correlations in general were closer to zero. The genetic 
correlations between the 3 CH4 phenotypes and live 
weight were low and only just significantly different 
from zero, meaning there is less indication of a genetic 
relationship between CH4 emission and live weight of 
the cow. None of the residual correlations between the 
ratio of CH4 and CO2, CH4 production in grams per 
day, FPCM, and live weight were significantly differ-
ent from zero. The results from this study suggest that 
CH4 emission is partly under genetic control, that it 
is possible to decrease CH4 emission from dairy cattle 
through selection, and that selection for higher milk 
yield will lead to higher genetic merit for CH4 emission/
cow per day.
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INTRODUCTION
Dairy cattle are a major producer of enteric meth-
ane emissions (Steinfeld et al., 2006). Methane (CH4) 
is a gas with a greenhouse potential of 25 times that 
of CO2 (IPCC, 2015). Approximately 90% of the CH4 
produced by dairy cows comes from the breath and 
eructed rumen gases (Murray et al., 1976); CH4 is also 
a loss of energy and the product of fermentation by 
methanogens such as archaea (Hook et al., 2010).
Methods to collect large-scale individual measure-
ments for enteric CH4 production are still in the proto-
type or experimental phase. Measurements of methane 
using respiration chambers are expensive and time 
consuming, which limits the number of data records 
collected (Ellis et al., 2007; Grainger et al., 2007). 
Short-term measurements have the potential to pro-
duce records from many animals, but each recorded 
phenotype will lack precision compared with those 
obtained using the respiration chamber technique. Es-
sentially this will lead to lower heritability but with the 
potential to make many records.
The sulfur hexafluoride (SF6) tracer gas technique 
can be used for field-scale data collection but requires 
insertion of rumen boluses, daily animal handling, and 
laboratory measurement of gases (McGinn et al., 2006). 
In recent years, researchers have developed many inno-
vative noninvasive techniques, either by infrared (Garn-
sworthy et al., 2012a; Lassen et al., 2012) or photo 
acoustic (Negussie et al., 2012) gas analyzers, or by 
using laser guns (Chagunda et al., 2009). Many of these 
methods are used to collected noninvasive, short-term 
spot samples, which makes it possible to obtain records 
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while cows are in their normal production environment 
(Hegarty, 2013).
In precise studies where CH4 has been investigated, a 
whole-animal respiratory chamber equipment has been 
used (Ellis et al., 2007). This is the method of choice for 
physiological and nutritional studies in which a limited 
number of cows are measured for CH4 emission under 
controlled conditions. However, for genetic studies on 
CH4 emission, individual measurements of thousands 
of cows are necessary (Hayes and Goddard, 2010). 
That itself makes whole-animal respiratory chamber 
equipment inappropriate for recordings data for genetic 
analyses. Furthermore, respiratory chambers are very 
different from what cows are used to in normal condi-
tions. If cows are taken away from their normal condi-
tions, this will often involve a stress situation, which 
will influence the cow’s DMI, her metabolism, and 
thereby her performance. Noninvasive methods such as 
Fourier transform infrared (FTIR) analysis of eructed 
air is one of many ways to measure CH4 from dairy 
cattle and is incorporated into the portable measuring 
unit applied in this project: Gasmet DX-4000 (Gasmet 
Technologies, Helsinki, Finland; Teye et al., 2009). The 
FTIR technique uses an infrared transmission spectrum 
of an air sample, from which an absorbance spectrum 
can be produced, showing at which infrared wavelengths 
the sample absorbs (Teye et al., 2009). The spectrum 
can then be calibrated to provide gas densities in each 
sample. The current study used the relation between 
CH4 and CO2 in the breath of the cow (Madsen et 
al., 2010) as up to 90% of the ruminant’s CH4 produc-
tion comes from the breath through respiration and 
eructation of rumination gases (Murray et al., 1976). 
Using the ratio between CH4 and CO2, together with 
information on milk yield, live weight, and days carried 
calf, as a phenotype makes it possible to quantify the 
amount of CH4 produced per cow because the amount 
of CO2 can be estimated from production traits such as 
live weight, milk production, and feed intake (Madsen 
et al., 2010).
A feature of all systems that measure CH4 online 
during milking or feeding is that measurements are 
highly variable. Because several hundred measurements 
can be made in a very short time, however, individual 
cow means can be established that are repeatable and 
related to true emissions. The overwhelming advantage 
of online techniques, compared with the SF6 and laser 
detection methods, is the negligible labor requirement 
facilitated by automation.
Only a few studies have estimated the heritability for 
enteric CH4 production (Pickering et al., 2015). Sev-
eral studies, however, have indicated that substantial 
between-animal variance exists for the trait (Nkrumah 
et al., 2006; Johnson and Johnson 1995). In general, 
these studies have used a small number of animals in 
studies using respiratory chambers or tracer gas (SF6) 
methods. Pickering et al. (2015) showed that when CH4 
emissions were measured using a laser gun method, the 
heritability estimate was 0.05. In a study of 718 ewes, 
the heritability for 1-h CH4 production of 0.16 was 
reported (Robinson et al., 2010); that study also indi-
cated a repeatability of 0.35. This corresponds to our 
previous findings in dairy cattle (Lassen et al., 2012).
Taking an indirect approach using CH4 predicted 
from feed intake, in a study of 548 heifers, a heritability 
of 0.35 was estimated (de Haas et al., 2011). Another 
indirect method based on mid-infrared (MIR) spectra 
showed positive genetic correlations between MIR CH4 
in grams per day and fat- and protein-corrected milk 
yield (FPCM), fat yield, and protein yield (Kandel et 
al., 2013). This means that a decrease of CH4 should 
have negative effects on milk, fat, and protein yields. 
However, for many years, genetic selection has been 
based on several traits combined in a selection index 
rather than solely on milk production. Including CH4 
emissions in a multi-trait index has gained interest in 
recent years.
A study has shown that altering selection objec-
tives to target only environmental goals can further 
enhance the reduction in greenhouse gas emissions at a 
relatively small economic cost; however, lowering CH4 
emissions could come at the price of worse reproduction 
and health (Wall, 2010).
The primary objective of this study was to estimate 
the heritability of enteric CH4 emission phenotypes for 
dairy cows. A secondary objective was to estimate ge-
netic correlations between CH4 phenotypes, FPCM, and 
live weight based on individual measurements in dairy 
cows during milking in automatic milking systems.
MATERIALS AND METHODS
Experimental Design
A total of 3,121 individual cow CH4 measurements 
were obtained using an FTIR measuring unit. The cows 
were measured in 20 herds during their visits to auto-
matic milking systems (AMS). All herds used an indoor 
feeding strategy without grazing and all cows were fed 
ad libitum mixed rations with concentrate supplement 
in the AMS system to attract cows to milking. All herds 
used a mix of corn and grass silage. Unfortunately, no 
individual feed intake measures were available on the 
cows in this study. Herds had between 2 and 8 milking 
robots. Two different AMS systems were used, the Lely 
(Lely International N.V., Maassluis, the Netherlands; 
1,745 cows) and the DeLaval (DeLaval, Tumba, Swe-
den; 1,376 cows) systems. In the Lely system, a scale 
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that makes individual live weight measurements was 
installed, which was not the case in the DeLaval AMS 
system. The FTIR unit air inlet was mounted in the 
front part of an AMS close to the cow’s head for 7 d, re-
cording continuously every 5 s. Data for when cows vis-
ited the AMS, as well as available live weight (and milk 
yield) measurements for each milking were retrieved 
when the FTIR unit was removed from the herd. Data 
from the AMS and the FTIR unit were merged so that 
CH4 measurements matched a visit from a specified 
cow. Two phenotypes were derived from the data: the 
mean of the ratio between CH4 and CO2 concentrations 
(in ppm) from each visit from a cow (CH4_RATIO; 
Lassen et al., 2012) and the estimated quantified CH4 
emission per day based on a calculated emission of CO2 
using information on milk yield, live weight, and days 
carried calf (CH4_GRAMSw; Madsen et al., 2010); 
CH4_GRAMSw is calculated based on heat-producing 
units (HPU), which is equal to (5.6 × live weight0.75 + 
22 × FPCM + 1.6 × 10−5 × days carried calf). For each 
HPU, a cow produced 180 g of CO2 per hour. Thus, 
CH4_GRAMSw is CH4_RATIO × 180 × 24 × HPU. 
The CH4_RATIO was available on all cows, whereas 
CH4_GRAMSw was only available on cows where 
live weight data were recorded. Milk records were also 
available on all cows; average daily milk production was 
extracted from the week in which CH4 records were 
taken. The fat and protein percentages used were from 
the closest milk recording made by the national record-
ing organization (RYK, Skejby, Denmark). Fat- and 
protein-corrected milk was used as phenotype for yield, 
and was calculated as milk yield × (0.25 + 0.122 × fat 
% + 0.077 × protein %). Live weight was measured at 
each milking in the Lely AMS. Live weight, FPCM, 
and CH4_GRAMSw were based on weekly averages, 
whereas CH4_RATIO was based on each visit in the 
robot. The third phenotype, CH4_MILK, was calcu-
lated as CH4_GRAMSw per FPCM. Cows more than 
400 d in milk were excluded from the analysis.
Statistical Model
The following linear animal model was used to esti-
mate genetic parameters for CH4_RATIO,
 
y herd month year robot herd lact
DIM e DIM
ij j= + + × + × +
+ × + × ×−
μ
 β β 0 05.
+ +( )+ + +
=
∑ cos sin ,j j a pe e
j
i i iθ π θ π2 2
1
1
 
where y is the dependent phenotype CH4_RATIO, μ 
is the overall intercept, herd is the herd ID where cows 
were measured, month × year is the month by year in-
teraction, robot × herd is the robot by herd interaction 
accounting for draft winds or similar issues related to a 
specific robot, lact is the lactation number at recording, 
and DIM is the days in milk at recording. Days in milk 
was modeled with a linear regression and a Wilmink 
term to take changes in early lactation into account. 
Diurnal variation was modeled using a Fourier series 
approach previously used by Løvendahl and Bjerring 
(2006), where θ is the decimal fraction of the 24-h diur-
nal cycle when the breath recording was initiated, (i.e., 
θ = h/24). The β terms are fixed regression coefficients, 
a terms are the random animal effects, pe terms are the 
permanent environmental effects, and e is the random 
residual effect.
The following linear animal model was used to esti-
mate genetic parameters for CH4_GRAMSw:
 
y herd month year robot herd lact
DIM e DIM
ij j= + + × + × +
+ × + × ×−
μ
 β β 0 05. + +a ei i ,
 
where y is the dependent phenotype CH4_GRAMSw, 
and the other terms are as previously defined. Days 
in milk was modeled with a linear regression and a 
Wilmink term to take changes in early lactation into 
account. The β terms are fixed regression coefficients, 
a terms are the random animal effects, and e is the 
random residual effect.
The following linear animal model was used to es-
timate genetic parameters for FPCM and live weight:
 
y herd month year lact DIM
e DIM a e
ij j
i i
= + + × + + ×
+ × × + +−
μ β
β 0 05. ,
 
where y is the dependent phenotype CH4_MILK, 
FPCM, or live weight, μ is the overall intercept, and 
the other terms are as previously defined. Days in milk 
was modeled with a linear regression and a Wilmink 
term to take changes in early lactation into account. 
The β terms are fixed regression coefficients, a terms 
are the random animal effects, and e is the random 
residual effect.
The random effects for all models were assumed to 
be independently and normally distributed with means 
of zero. G0 is a matrix containing the additive genetic 
variance; A is a matrix with the additive genetic rela-
tionship of all animals; Pe0 is a matrix containing the 
permanent environmental variance for CH4_RATIO; 
R0 is a matrix with the residual variance; and I is the 
identity matrix containing as many rows and columns 
as there are records for each trait:
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Variance and covariance components were estimated 
using the average information (AI)REML procedure in 
DMU (Madsen and Jensen, 2014). Correlations were 
estimated bivariately between CH4_RATIO, CH4_
GRAMSw, FPCM, and live weight, and standard errors 
were estimated using a Taylor series approximation.
RESULTS
Basic statistics from the data available are shown 
in Table 1. Records of CH4_RATIO and FPCM were 
available for all 3,121 cows, whereas CH4_GRAMSw 
and live weight were only available for the 1,745 cows 
measured in Lely milking robots. Each cow had an av-
erage of 13.3 visits per week with a standard deviation 
(SD) of 4.1. Each visit had an average of 95.4 registra-
tions and thereby had a length of 7 min and 57 s. Mean 
(SD) CH4_RATIO was 0.087 (0.012). The quantified 
amount of CH4 was 315 g/d, ranging from 243 to 518 
g/d. Average daily FPCM yield was 36.6 kg and the 
average live weight of the cows in this study was 647 
kg, ranging from 467 to 890 kg. A fitted lactation curve 
based on the solutions from the data is shown in Figure 
1. Variance components for the 4 traits CH4_RATIO, 
CH4_GRAMSw, FPCM, and live weight are shown 
in Table 2. The repeatability was estimated only for 
CH4_RATIO because the other traits were analyzed 
as mean daily production over a weekly performance. 
The repeatability for CH4_RATIO was 0.35. Variance 
components for CH4_RATIO were numerically low 
but both repeatable (Table 2) and heritable (Table 3). 
The traits CH4_GRAMSw, FPCM, and live weight 
showed substantial additive genetic and phenotypic 
variance (Table 2), which also provides heritability 
estimates significantly different from zero (Table 3). 
Both CH4_RATIO and CH4_GRAMSw were highly 
genetically correlated (0.83) and both were genetically 
correlated (rg) with FPCM (CH4_RATIO, rg = 0.37; 
CH4_GRAMSw, rg = 0.43), meaning that cows with 
high genetic potential for milk production will also 
have high genetic potential for CH4 production. Ge-
netic correlation between live weight and CH4_RATIO 
and CH4_GRAMSw was low but significantly different 
from zero, meaning that larger cows genetically pro-
duce slightly less CH4 than small cows. In general, the 
residual correlations between the traits were weak.
DISCUSSION
Few studies have estimated heritabilities for CH4 
emission in dairy cattle. This study estimated the 
heritability for CH4_GRAMSw and CH4_MILK at 
0.21 and for CH4_RATIO at 0.16. A heritability of 
the ratio between CH4 and CO2 of 0.21 was previously 
documented by Lassen and Løvendahl (2013) from 683 
commercial dairy cows.
A significant sire effect was found in an analysis of 
CH4 emissions during milking in 215 cows (Garnswor-
thy et al., 2012b), which suggests that there is a genetic 
component. Also, repeatability, defined as the animal 
variance not corrected for pedigree, was between 0.35 
Table 1. Descriptive statistics such as units, number of cows, mean, standard deviation (SD), and minimum 
and maximum values for ratio between CH4 and CO2 (CH4_RATIO), daily CH4 production (CH4_GRAMSw), 
fat- and protein-corrected milk (FPCM), and live weight1 
Trait  Unit No. of cows Mean SD Minimum Maximum
CH4_RATIO   3,121 0.087 0.012 0.043 0.109
CH4_GRAMSw  g/d 1,745 315 36.2 243 518
CH4_MILK  g/L 1,745 8.61 1.15 7.23 12.1
FPCM  L/d 3,121 36.6 7.9 19.2 62.7
Live weight  kg 1,745 647 68.4 467 890
1CH4_GRAMSw, CH4_MILK (CH4_GRAMSw/FPCM), FPCM, and live weight were based on weekly aver-
ages.
Figure 1. Lactation curve for methane (in grams/day) fitted from 
model using the solution for DIM.
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and 0.40 in a study of 50 Holstein and 43 Jersey cows 
in a Danish study (Lassen et al., 2012). The majority 
of the studies performed to date have been on Holstein 
cows but there are also studies on Finnish Ayrshire 
(Negussie et al., 2012).
Precise and preferably cheap phenotypes are needed 
to make genetic evaluations appropriate for traits of 
interest. For CH4 production, several phenotypes have 
been suggested (Herd et al., 2013). The first pheno-
type is CH4 production (MetP) measured in grams 
or grams/day. The obvious problem selecting for this 
trait is that it is highly correlated with feed intake and 
therefore the production trait of interest; in dairy, it is 
correlated with milk production and in sheep or beef, 
it is correlated with meat production. To handle this, 
precise and meaningful economic values are extremely 
important in the selection index used. One option is also 
to look at CH4 yield (MetY), defined as grams of CH4/
kilogram of DMI, or as CH4 intensity (MetI), defined 
as grams of CH4 per kilogram of milk produced per day. 
Residual CH4 production, defined as observed minus 
predicted CH4 production, has been suggested as a use-
ful phenotype (Herd et al., 2014). It is essentially based 
on the same concept as residual feed intake, where the 
phenotype of interest is regressed for whatever factors 
influence this phenotype; for example, milk production, 
live weight, or BCS. For CH4, this could be, for ex-
ample, milk production, live weight, or feed intake. It 
is not necessarily obvious which of these phenotypes to 
select for and it is essential to ensure that correlated in-
formation is available so that a decline in other traits is 
avoided when selecting for the chosen CH4 phenotype. 
It might be that the most correct way is to use MetP 
and include the correlation structure with milk yield. 
In a study on beef cattle, genetic correlations between 
live weight and the CH4 phenotypes—MetP (0.79), 
MetY (0.18), and MetI (−0.23)—suggests that very 
different responses will be obtained in the production 
trait depending on which CH4 phenotype is selected for 
(Donoghue et al., 2013). The same study also reports 
genetic correlations between MetP, MetY, and MetI 
ranging from 0.87 to 0.96, so it could be argued that 
using one or the other trait would have a limited effect 
on the correlated response in the production trait. How-
ever, because the current study published preliminary 
results, much more work and collaboration is needed in 
this field.
In this study, concentrations of CH4 and CO2 mea-
sured were used to predict daily MetP through pre-
dicted CO2 production based on the live weight of the 
fetus, the milk yield, and heat production (Madsen et 
al., 2010). This method ignores whatever animal varia-
tion there might be in CO2 production but has been 
shown to yield results as precise as though obtained 
from SF6 methodology or respiration chamber tech-
niques (Haque et al., 2014). It cannot be ignored that 
animals differing in methane emission or milk produc-
tion might also differ in individual digestibility of the 
Table 2. Additive genetic variance (a), permanent environmental variance (pe), residual variance (e), 
phenotypic variance (p), and repeatability for ratio between CH4 and CO2 (CH4_RATIO), daily CH4 production 
(CH4_GRAMSw), fat- and protein-corrected milk (FPCM), and live weight
Trait
Variance
Repeatabilitya pe e p
CH4_RATIO 0.0000240 0.0000285 0.0000975 0.00015 0.35
CH4_GRAMSw 274.19  1,037.25 1,311.44  
CH4_MILK1 0.32  1.20 1.52  
FPCM 16.95  45.83 62.78  
Live weight 1,635.46  3,037.29 4,672.75  
1CH4_MILK = CH4_GRAMSw/FPCM.
Table 3. Heritability (diagonal), residual correlation (below diagonal), and additive genetic correlation (above 
diagonal) for ratio between CH4 and CO2 (CH4_RATIO), daily CH4 production (CH4_GRAMSw), fat- and 
protein-corrected milk (FPCM), and live weight (means ± SE)
Trait CH4_RATIO CH4_GRAMSW CH4_MILK FPCM Live weight
CH4_RATIO 0.16 ± 0.04 0.83 ± 0.14 0.23 ± 0.10 0.37 ± 0.07 −0.16 ± 0.07
CH4_GRAMSw 0.18 ± 0.11 0.21 ± 0.06 0.07 ± 0.09 0.43 ± 0.10 −0.18 ± 0.08
CH4_MILK1 0.21 ± 0.06 0.11 ± 0.06 0.21 ± 0.06 0.15 ± 0.09 −0.10 ± 0.08
FPCM 0.04 ± 0.06 0.12 ± 0.08 0.21 ± 0.04 0.27 ± 0.03 −0.10 ± 0.09
Live weight −0.12 ± 0.08 −0.05 ± 0.07 −0.05 ± 0.07 0.04 ± 0.08 0.35 ± 0.05
1CH4_MILK = CH4_GRAMSw/FPCM.
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feed (Knapp et al., 2014). Moreover, heritability might 
be due in part to the heritability of FPCM and live 
weight, because both used to estimate methane produc-
tion. Still, the CH4_RATIO is heritable, so the data on 
methane emission do contain some genetic component. 
More work is needed to obtain methane phenotypes 
from sniffer data that is independent of other traits, 
including feed intake.
de Haas et al. (2011) reported a heritability of 0.35 
for predicted CH4 emissions in Dutch cows; predicted 
CH4 emissions were derived from feed intake and main-
tenance and therefore likely to be heritable given the 
heritability of DMI and live weight (Berry and Crowley, 
2013). Genetic parameters for total CH4 production 
and CH4 yield measured in respiration chambers at 
fixed levels of feed intake have been reported for sheep 
(Pinares-Patiño et al., 2013) and beef cattle (Donoghue 
et al., 2013). The heritability (SE) for total CH4 pro-
duction in sheep and beef cattle was 0.29 (0.05) and 
0.40 (0.11), respectively. Heritability (SE) estimates 
in sheep and beef for CH4 emissions per kilogram of 
feed intake were 0.13 (0.03) and 0.19 (0.10), respec-
tively. The coefficient of genetic variation for both CH4 
traits in sheep ranged from 0.10 to 0.13, suggesting 
that genetic variation does indeed exist. Milk fatty 
acid composition has also been suggested as a means of 
predicting enteric CH4 output in lactating dairy cattle 
because of the common biochemical pathways among 
CH4, acetate, and butyrate in the rumen. A stoichio-
metric relationship between CH4 and ruminal acetate, 
propionate, and butyrate was proposed by Demeyer 
and Van Nevel (1975). These short-chain fatty acids 
formed in the rumen in particular act as precursors for 
the de novo synthesis of milk fatty acids in the mam-
mary tissue. Predictive CH4 equations from milk fatty 
acid composition in dairy cows have been developed 
in several studies (Chilliard et al., 2009; Dijkstra et 
al., 2011). Kandel et al. (2013) reported heritability 
estimates of 0.34 to 0.37 for predicted CH4 emissions 
in dairy cows based on milk fatty acid composition. 
However, such estimates based on predicted CH4 are 
heavily smoothed and based on traits that already have 
high heritability, so they are expected to have high 
heritability themselves.
No matter how good a proxy measure is, it would be 
preferable to have real measurements. The strength of 
any indicator will always rely on how well the indicator 
is measured and how well the breeding goal trait is 
defined. Many of the techniques developed today to 
record CH4 phenotypes in dairy cattle are based on 
short-term measurements and thus only a snapshot of 
the dairy cow’s full biology is observed (Garnsworthy 
et al., 2012a; Lassen et al., 2012; Negussie et al., 2012). 
Bell et al. (2014) showed that using the CH4/CO2 ratio 
can give highly repeatable measurements (0.59) for 
methane emission and could be used to rank animals 
for genetic evaluations. It is important to be aware of 
this when generating the phenotypes (Hegarty, 2013); 
several factors, such as time of day, year, lactation 
stage, herd, feed composition, and so on, affect MP. 
Therefore, to predict daily MP or lactational MetP, it 
is necessary to correct for these factors to reduce bias in 
the phenotype and in the genetic prediction or estima-
tion of variance components.
Relationship with Feed Intake and Milk Production
Feed intake, diet composition, BW, activity, circadian 
rhythm, stage of lactation, and inter-individual differ-
ences are major factors influencing CH4 production. 
Because of these considerable variations, it is difficult 
but very important to obtain reliable estimates from 
single CH4 measurements that reflect entire daily CH4 
production. This problem calls for establishing relation-
ships between snapshot CH4 concentrations determined 
once or twice a day and total daily CH4 production. 
One way to overcome this might be to measure the 
ratio between CH4 and CO2 (Madsen et al., 2010).
We found positive genetic correlations between milk 
production and CH4 production, which probably re-
flects the relationship between energy intake, CH4 pro-
duction, and milk production. Berry (2013) cautioned 
about inferring heritability estimates from CH4 emis-
sions per unit feed intake (or any CH4 phenotype that 
includes known heritable traits in the numerator or de-
nominator). Berry (2013) simulated individual animal 
daily CH4 emissions for a data set of growing bulls used 
previously in the estimation of variance components of 
feed efficiency by Crowley et al. (2010). Methane yield 
was defined as predicted daily CH4 emissions divided by 
daily feed intake. Berry (2013) reported an (expected) 
heritability of zero for simulated daily CH4 emissions 
but a heritability of 0.19 (0.05) for predicted CH4 yield. 
The existence of a significant heritability of predicted 
CH4 yield was an artifact, not of heritable variation 
in CH4 emissions but because the heritability of feed 
intake was 0.49 (Crowley et al., 2010). A favorable as-
sociation between feed efficiency and CH4 production is 
expected given that CH4 production represents a sink 
of energy loss (Johnson and Johnson, 1995) and there-
fore inefficiency.
No data on feed intake were available in this study. 
Feed intake is strongly correlated with residual feed 
intake (RFI; Berry and Crowley, 2012) and, as evi-
denced by the lack of differences in CH4 per unit in-
take between animals divergent in RFI (Jones et al., 
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2011; Arthur et al., 2014), the cause and effect of the 
observed association between RFI and CH4 emissions 
needs to be elucidated. Using the correlations of 0.44 
and 0.38 between daily CH4 production and RFI and 
DMI, respectively, as well as the mean correlation of 
0.72 between RFI and DMI from the meta-analysis 
of Berry and Crowley (2012), 26% of the phenotypic 
variation in daily CH4 production could be explained 
by RFI after accounting for differences in feed intake. 
However, this needs further investigation. Nonetheless, 
advocating selection on RFI should be undertaken with 
caution because reducing feed intake, even if produc-
tion is held constant, may reduce CH4 emissions per 
day, but unless appropriately addressed within the 
breeding goal, may result in greater negative energy 
balance and more body tissue mobilization in lactat-
ing cows (McParland et al., 2014). More severe and 
prolonged negative energy balance in early lactation is 
known to have unfavorable consequences for dairy cow 
health and fertility (Roche et al., 2009), thereby negat-
ing or even increasing CH4 emissions within the herd or 
entire dairy sector.
Methane production depends, in part, upon the 
quantity of feed consumed, although this effect is 
moderated by feed digestibility and other feed and 
animal characteristics, such as composition of the diet 
and dietary fat (Hegarty, 2009). The feeding efficiency 
(i.e., RFI) of the animal may also have an effect, with 
low-RFI cattle eating less than expected in relation to 
their live weight and growth rate. By comparing the 
CH4 emissions of beef cattle chosen from breeding lines 
divergently selected for RFI, Herd et al. (2014) found 
that the most efficient animals (low RFI) had a lower 
CH4 production rate. The association between RFI and 
CH4 emission was also shown by Nkrumah at al. (2006), 
where CH4 production was 28% less in low-RFI animals 
compared with high-RFI animals.
The positive genetic correlation between predicted 
CH4 emission and RFI (phenotypic correlation: 0.72; 
genetic correlation: 0.32) suggests that selection on RFI 
may be one strategy to reduce CH4 emissions from rumi-
nants (de Haas et al., 2011). Accounting for just one of 
these components might, however, result in undesirable 
genetic changes. Particular consideration must be given 
to a general involvement of RFI in selection strategies 
of dairy cows because, in early lactation, dairy cows 
ingest insufficient feed to meet energy requirements for 
milk production and thus enter into a negative energy 
balance. Severe and prolonged negative energy balance 
is associated with infertility in dairy cows, which in-
creases CH4 emissions at the herd level because of the 
increased animal numbers needed to sustain a given 
milk production (Garnsworthy, 2004).
MIR Spectra
Using MIR spectra to predict other phenotypes is 
indeed appealing. The phenotypic and genetic variabil-
ity of CH4 production (g/d) and CH4 intensity (g/kg 
of FPCM) has been predicted by MIR. However, such 
estimates based on predicted CH4 are heavily smoothed 
and based on traits that already have high heritability, 
so they are expected to have high heritability them-
selves. Kandel et al. (2013) estimated genetic param-
eters of MIR CH4 traits by using single-trait random re-
gression test-day models from 679,444 test-day records 
collected from Holstein cows in their first 3 lactations. 
The calculated heritability values were around 0.10 for 
CH4 in grams per day (0.12, 0.10, and 0.09 for first, sec-
ond, and third parity, respectively). The CH4 intensity 
had slightly higher heritability with values around 0.15 
(0.18, 0.12, and 0.14 for cows in their first 3 lactations, 
respectively). These results suggest a moderate herita-
bility of CH4 emission by dairy cows.
The positive genetic correlations observed between 
CH4_GRAMSw and FPCM were also found in a study 
based on MIR CH4 in grams/day (Kandel et al., 2013). 
Here, the authors found a positive genetic correlation 
between MIR CH4 in grams/day and FPCM, fat yield, 
and protein yield. This means that a decrease of CH4 
should have negative effects on milk, fat, and protein 
yields and vice versa if CH4 is expressed per kilogram 
of milk. However, for many years, genetic selection has 
been based on several traits combined in a selection 
index rather than solely on milk production. Studying 
the effect of the introduction of MIR CH4 trait in the 
breeding selection index is therefore interesting. Kandel 
et al. (2014) studied the consequences of selection for 
environmental impact traits in dairy cows. The authors 
used CH4 intensity (g of CH4 per kg of milk) and cal-
culated several approximate genetic correlations from 
estimated breeding values to other traits. Negative ap-
proximate genetic correlations were observed between 
CH4 intensity and milk yield (−0.67), fat yield (−0.13), 
protein yield (−0.46), longevity (−0.07), and average 
of conformation traits (−0.23). Positive approximate 
correlations were observed for fertility (0.31) and BCS 
(0.27). Based on these correlations and by putting a 
hypothetical 25% weight on CH4 intensity on the cur-
rent Walloon genetic evaluation index and a propor-
tional reduction on other selection traits, the response 
to selection was a reduction of CH4 intensity by 24%, 
and increases in milk yield by 30%, fat yield by 17%, 
protein yield by 29%, SCS by −15%, longevity by 24%, 
fertility by −11%, BCS by −13%, and conformation 
traits by 24%. These results suggest that a decrease of 
CH4 intensity could have a negative effect on cow fertil-
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ity but a positive effect on longevity, but this needs to 
be tested on independent data as well as on data where 
more CH4 observations are available.
CONCLUSIONS
Measurements of CH4 were made during milking in 
AMS using an FTIR approach. Based on these data, 
we conclude that estimated enteric CH4 emission from 
dairy cattle is a heritable trait. The estimate in this 
study was 0.21 (SE 0.06) for CH4_GRAMSw and 
CH4_MILK, with these estimates being significantly 
different from zero. Methane emission, as defined in this 
study, was positively correlated with fat- and protein-
corrected milk, meaning that selecting for higher milk 
production will also increase CH4 emission.
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